We recently introduced a new class of perovskites, with inorganic anions on the A-and B-sites and an organic cation on the X-site, the so called inverse-hybrid perovskites (IHPs). We found compounds that are predicted to be stable, possess large polarization, and span a wide range of electronic properties. Here, we present the materials search strategy that enabled these results. We demonstrate the design principles in terms of ion and site composition. Overall, we consider elements from most main groups of the periodic table, investigating their ability to form mono-or divalent anions in the framework of IHPs. We observe structural changes based on tolerance factor. Compounds are found in the perovskite or the related CaIrO 3 structure and different orientations of the employed organic cation (methylammonium), lead to different B · · · X · · · B bridging motifs. Furthermore, we demonstrate how the perovskite structure can be favored by interchanging B-and A-site anions and adjusting the ions within groups of the periodic table accordingly. Besides chalcogenide halides, we find that elements of groups XIII to XV can successfully form mono-or divalent anions by partly filling their valence p shell. Spin-orbit coupling in the heavier elements leads to interesting electronic motifs. Furthermore, while light divalent elements show a tendency towards protonation, this is suppressed by employing heavier elements of the same group. Evaluating the stability of these novel compounds also requires to investigate largely unknown methylammonium compounds with mono-and divalent anions.
Introduction
We recently proposed a new class of functional hybrid-perovskite materials, the so-called inverse-hybrid perovskites (IHPs), 1 demonstrating their compositional flexibility, their variety in electronic structure, and the potential for ferroelectrics with very large polarization.
the covalent character of BX 6 octahedra in HPs is replaced by hydrogen bonding. Predominantely hydrogen-bonded perovskite structures are known from molecular double organic perovskites with organic cations on the A-and B-site, 12,13 such as piperazinium dication ammonium chloride (C 4 H 12 N 2 )(NH 4 )Cl 3 , which is stable up to 600
• C. 12 They are also found in HPs with organic A-site cations and X-site anions, 14, 15 and analogous polar bonds are found when X-site anions are combined with inorganic cations.
16-18
Herein, we show in detail our materials search to combine main group anions with small organic cations, mainly the intensively studied CH 3 NH + 3 (MA). As metal anions we consider monovalent (a − =F, Cl, Br, I) and divalent (a 2− =O, S, Se, and Te) anions. In addition we investigate the possibility of group XIII and XIV elements (Ga, Tl, Ge, Sn, and Pb)
to form divalent anions and group XIII (Tl), XV (Bi), and alkali metals (Na and Rb) to form monovalent anions. We use estimated tolerance factors t as well as accurate densityfunctional calculations in our search for suitable, stable compounds. We find that perovskites form preferentially for t > 0.76. For smaller t, a reduced tilting of the MA molecules is preferred, leading to a different B · · · X · · · B bridging motif. For most of these cases with t < 0.76, a different corner-and edge-sharing phase is more favorable. We investigate the site preference of ions and report the structural and electronic properties of the obtained stable compounds. The influence of spin-orbit coupling (SOC) and level of electronic structure theory is investigated for relevant systems. In addition, we demonstrate that IHPs generally have very high polarization. To estimate the stability of these novel compounds, we also investigate the phase stability of (MA) 2 a 2− and MAa − reference compounds.
the D2 method 21 in order to account for dispersive interactions. Core electrons are treated by norm-conserving, optimized, nonlocal, scalar-relativistic pseudopotentials generated with
Opium. [22] [23] [24] In cases where SOC plays an important role, a fully-relativistic treatment is employed to investigate the impact on the electronic structure. Wave functions are expanded in a plane-wave basis with an energy cutoff of 680 eV (and an increased basis of 885 eV for systems containing Rb). Total energies and atomic structures are fully relaxed to 10
eV/cell and until forces acting on ions are below 0.0025 eV/Å. The Brillouin zone is sampled by a 6×6×6 Monkhorst-Pack k-point grid, 25 whereas a denser grid of 18×18×18 k points is used for calculating the density of states (DoS). Initial structures are constructed as cubic perovskites for a unit cell with one formula unit (f.u.). As initial guess, we orient one MA ion along each spatial direction. The lattice dimensions are initially chosen to be large (7.5Å), in order to allow for enough spatial freedom during structure optimization. These initial structures show perovskite or an edge-and corner-sharing structure (CaIrO 3 ) for most tested compositions. Consequently, we investigate the stability of compositions in these two phases. Reference structures (described below) for estimated binding energies are computed with a similar setup for MAa − and (MA) 2 a 2− compounds. For nonmetallic, stable cases we compare the PBE with HSE06 26 results for a better quantitative estimate of the band gap. The Fock operator for the HSE06 calculation is represented on a 3×3×3 q point grid using a kinetic energy cutoff of 200 Ry and 216 k points. Cases requiring a fully-relativistic treatment are computed at a reduced setup of 4×4×4 k points, 2×2×2 q, and a kinetic energy cutoff of 100 Ry. This setup does not show deviations in the band structures from the higher setup for exemplary test cases. The band structure interpolation is performed with Wannier90 using all bands. 27 In all band structure plots, high-symmetry points are denoted according to the Aflowlib standard (TRI 1b ). 28 The polarization is also obtained for the optimized PBE geometry. It was obtained within the Berry phase formalism, as implemented in QuantumEspresso. A grid of 6×6 strings with seven points along the evaluated direction gives converged results.
4

Results and Discussion
Traditionally, the Goldschmidt tolerance factor 29 is used as indication for the preference of ABX 3 compositions to crystallize as perovskite. This concept has also been extended to organic molecules in HP. 30 We can further extend this concept for IPs and IHPs. However, we must keep in mind that anionic radii are less established for many metals than cationic radii and that the tolerance factor is only an indicator, 31 with acceptable values ranging typically from t = 0.75−1.0. We adopt this strategy by using tabulated ionic radii. Whenever specific ionic states are not reported in the seminal works of Shannon, 32,33 we evaluated new ionic radii by harvesting the data available in the Materials Project. 34 In short, we adopt Shannon's initial assumptions that i) ionic bonds can be decomposed into radii of their constituent ions to a sufficient degree of accuracy and ii) the ionic radii of species are directly dependent on their oxidation state and coordination number. By harvesting binary alkali and alkalineearth metal compounds, we determine the ionic radius of a desired element, depending on the required oxidation state and coordination number. For cases where the radius of a desired coordination number to a given oxidation state is still unknown, we obtain it from linear interpolation. For now, we only obtain new values by this procedure, i.e., whenever the obtained data would change one of the established ionic radii from Shannon, we apply a shift to the linear function between CN and r ionic (CN) in order to retain the old value.
Details of this, together with our implementation, will be published elsewhere.
35
In order to design IHPs, we first realize that common X-site anions in perovskites have hand, the B-site provides a closer proximity to the cations, which should be favorable for the anion in the higher oxidation state due to the greater Coulombic attraction. Thus, in contrast to conventional perovskites where these effects go hand in hand, they are competing in the case of IPs. Overall, the site preference will be dominated by the composition of ionic radii and the relative size differences. However, this might facilitate the interchange of monoand divalent anions between A-and B-sites and will require testing the preference of A-vs.
B-site occupation in cases where the difference between anionic radii is small.
Chalcogenide Halides
Natural choices for mono-and divalent anions are halides and chalcogenides, respectively, and we start our search for suitable (MA) 3 BA compounds with these elements. We begin by choosing The resulting hydrogen bonded network differs from traditional HPs or other IHPs below, since protonation on the B-site reduces the ionic character. For O, the structure is shown in Fig. 1 (a-c) , and the structural properties are summarized in Table 1 . In general, MA units on the X-sites are tilted, allowing every molecule to bridge two B-site oxygens via hydrogen bonds to the CH 3 and the NH 3 groups, respectively, in a head-on B · · ·NH 3 -CH 3 · · · B motif. Three MA units are oriented head-on with their NH 3 groups towards the B-site center, each sharing one of the acidic N-H hydrogen atoms with the central atom. is given in parentheses. Boldface values were computed using hybrid-DFT. For the stable, non-metallic composites the polarization P is given. P=perovskite, P ⊥ =side-on structure, =distorted structure and the S B-site bands are slightly above the A-site I bands. The PBE band gap of (MA) 3 SI is 4.14 eV, which is only marginally smaller (0.04 eV) than the smallest direct gap. The band gap of (MA) 3 SI is 0.55 eV lower than that of (MA) 3 OI at the PBE level, nearly the same as at the HSE level (0.58 eV). This suggests that relative trends are well described at the GGA level, as it has been observed for many other materials.
As reported earlier, 1 by considering heavier, less electronegative chalcogenides, protonation is successfully suppressed, i.e., (MA) 3 SeI and (MA) 3 TeI remain intact. However, we find that a different structure ( Fig. 1 (i, j)), with both corner-and edge-sharing octahedra (CaIrO 3 structure), is energetically preferred by 0.32 and 0.72 eV/f.u. compared to the perovskite structure for the Se and Te compound, respectively. In this structure, B · · · X · · · B bridging involves only the NH 3 head of MA units in one plane and an X-site double layer separates neighboring B-sites along the third direction. The electronic structure of (MA) 3 SeI is shown in Fig. 2 (e, f) . Despite the phase change, the electronic structures look similar, and the Se case appears truly inverted in the sense that the filled B-site anion bands are located above the A-site bands. In addition, the N contribution at the VB edge is much less pronounced, in line with the cationic character of all MA units. Besides the stronger ionic character, the formation energy of (MA) 3 SeI is less favorable compared to the oxygen 9 3 TeI in the CaIrO 3 structure is the thermodynamic minimum, being 0.51 eV more stable than the CaIrO 3 structure with exchanged anion positions and 0.72 eV more stable than the perovskite structure (Fig. 3) . These results are in line with our hypothesis that the divalent anion prefers the B-site whenever the two anions are of similar size, because of a stronger interaction with the X-site cations. The perovskite structures for this composition differ from the previous cases ( Fig. 1 (k, l) ). The MA units are not tilted and oriented perpendicular to the B · · · X · · · B axis. As a result, the bridging motif changes as the two heads of each MA cation interact simultaneously with both B-sites. This structural change allows a larger B-site anion and is frequently found for cases with t < 0.80, i.e., the tilt angle of the MA X-site cations adopts to the structural fit of the X 3 BA composition. We introduce the label P ⊥ to indicate cases where hydrogen bonds of B sites to the CH 3 and NH 3 heads of MA units are both in a similar range smaller than 3Å. Despite this structural flexibility in the IHP structure, systems with small tolerance factors (here t ≈ 0.70) favor the CaIrO 3 over the perovskite phase energetically.
Therefore, we try to stabilize the perovskite phase by altering the halide (Fig. 3) . (MA) 3 BrTe and (MA) 3 ClTe have improved tolerance factors of t = 0.76 and t = 0.79, respectively. Consequently, these compounds do prefer the perovskite structure. However, we find that these 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 lized compared to (MA) 3 TeF. In agreement with the larger tolerance factor, we observe a highly ordered IHP structure with tilted MA units and head-on B · · · X · · · B bridging motif ( Fig. 1 (g, h) ). This demonstrates that the site preference of mono-and divalent anions can indeed be changed by tuning t. Based on this insight, we are able to successfully form chalcogenide halides in the perovskite structure for all chalcogenides. In addition to (MA) 3 Next we analyze the influence of the chosen unit cell size. To do so we also computed a (2×2×2) cell of (MA) 3 FTe. We do not find any energetic stabilization by increasing the 11 Although some bromide and chloride compounds also have promising t, fluoride is always favorable. However, other halides can be considered for tuning the electronic structure.
The results obtained for chalcogenide halides can now guide our search for appropriate compositions including elements from other groups of the periodic system (Fig. 4) . As mentioned above, we want to explore other main group elements for their ability to form mono-or divalent ions by partly filling their valence shells. Few alkali metals compounds are known where the alkali metal fills its valence s-shell (alkalides), 37 forming a monovalent anion. Although unlikely, we explore this possibility by considering a − =Na and Rb (note that we did not compute tolerance factors for alkalides, since ionic radii for these special cases are unknown and cannot be obtained by our method). 35 Alkaline-earth metals are not known in anionic oxidation states. Groups XIII through XV can, in principle, add electrons to their valence p shell. Although they prefer a complete filling of their valence shell, fractional filling is possible. Since light chalcogenides showed a tendency for protonation on the B-site, we will focus on heavier elements of the fourth row and below (Ga, Tl, Ge, Sn, Pb, and Bi).
Other divalent anions
Naively, icosagens could form high-spin divalent ions by occupying one spin-component of their valence p shell. Based on our estimated ionic radii, gallium, indium, and thallium 2-are about the size of Te 2-. Consequently, iodides have tolerance factors below the perovskite threshold, and we do not observe any stable perovskite. In the case of (MA) 3 GaI we observe again protonation of the B-site anion, forming GaH 2 . As a result, only one MA cation remains intact, whereas the other two orient their NH 2 groups with the nitrogen lone-pair toward one of the hydrogen atoms of the MA cation, forming hydrogen bonds. Furthermore, Ga is bonded to one I in a distance of 2.75Å, which is in line with Ga-I bonds in, e.g., GaI 3 , 38 suggesting covalent interaction between these two groups and the formation of a GaH 2 I -unit to address the electron deficit at the gallium center. In fact, similar trihalogen icosagen compounds are known to combine to X 3 Ga-GaX
2− 3
units. 39 Such an icosagen-
13
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Such a bonding motif of chains connecting A and B site ions occasionally occurs for light divalent anions on the B-site. We denote it A-B here, adding the coordination of the B-site in brackets (Table 1) . Albeit this bonding motif is of intellectual interest with respect to gallium chemistry, these results indicate that such compositions are unsuited to form IHPs.
Furthermore, the resulting structures could be unstable compared to other phases and we keep these cases solely for completeness without analyzing the electronic structure in detail.
Since protonation at the B-site was successfully prevented by employing heavy chalcogens above, we also study thallium compounds. Despite an ionic radii of Tl 2-that is estimated to be slightly larger compared to I -, thallium energetically favors the B-site in conjunction with iodide. In line with a small tolerance factor (t = 0.71), we find that (MA) 3 TlI favors the CaIrO 3 phase. In this structure, the thallium B-site preference is small (0.04 eV). The stabilization over the perovskite structure is 0.33 eV and 0.19 eV per f.u. for thallium on the B-and A-site, respectively, i.e., less pronounced than in the tellurium-iodide compounds.
For heavy elements like Tl, we investigate the influence of SOC. (MA) 3 TlI is metallic with or without SOC, i.e., the consequences of SOC on the band structure are small (Fig. 5 (c,   d) ). Nevertheless, we find the same Dirac-cone like crossings at all high-symmetry points as reported 1 for (MA) 3 FPb, due to the splitting of the valence p bands. We find that the two valence Tlp j = 1/2 bands are filled, whereas the lower pair of j = 3/2 is fractionally filled. This suggests that Tl is indeed in oxidation state 2-. Metallic IHPs like this could share interesting properties like giant magnetoresistance, 4 superconductivity, 2 or negative thermal expansion 3 with their inorganic counterpart.
(MA) 3 FGa, the valence p bands remain pair-wise degenerate, due to the smaller SOC in the lighter element (not shown). Otherwise, the electronic structure is mostly unchanged and dominated by the valence p bands. The distance to the lower-lying occupied bands is in both cases roughly 5 eV. However, for Ga the 4s shell is slightly lifted toward higher energies than the B-site F bands (not shown), whereas fluoride and Tl 6s show hybridization.
In any case, the group XIII elements prefer a low-spin filling of their valence p shells, resulting in the discussed fractional filling of the lower pair of j = 3/2 bands. Despite the fractionally-filled valence shell, (MA) 3 FTl remains nonmagnetic in the primitive unit cell.
Also in a larger (2×2×2) structure, no stable magnetic configuration is found. However, an antiferromagnetic configuration leads to a stabilization of −0.19 eV. This stabilization improves the formation energy (0.94 eV) compared to the primitive cell, but it remains thermodynamically unstable. Even in this case, the magnetic moment of the Tl atoms is small, i.e., we can safely exclude any high-spin magnetic structure. Overall, compounds containing divalent anions of group XIII elements are metallic and have high formation energies and, therefore, are unsuitable for IHPs.
Next, we can try to obtain semiconducting systems by two approaches: (i) remove one electron from the system by employing group XIII elements as monovalent ion (see below)
or (ii) add another electron by employing group XIV elements instead. Moving toward group XIV, we observe very similar results comparing, Ge and Ga. Germanium is again protonated, and an A-B structure with GeH 2 I is formed (Ge-I distance of 2.74Å, similar to the discussed gallium case and in line with Ge-I bonds, as found in conventional germaniumiodine perovskites). 41 Due to the additional electron compared to group XIII elements, GeH 2 I does not form a chain, but has a lone-pair on the germanium atom instead. We again try to suppress this protonation by considering a heaver element. (MA) 3 IPb shows indeed no
Pb-H bonds, but due to the tolerance factor of 0.72, the CaIrO 3 phase is thermodynamically favorable. The most stable structure deviates from the ideal CaIrO 3 structure by the position of two MA units, leading to a different connectivity of the edge-sharing BX 2 planes. This 15 structure is 0.80 and 0.97 eV per f.u. more stable than the perovskite or the CaIrO 3 structure and suggests that a completely different phase could be more stable. Of course, compositions with low tolerance factors will also be in competition with other stoichiometries, e.g., for this case the well-known MAPbI 3 . Nevertheless, we investigate the electronic structure in Fig. 6 (a) . Compared to (MA) 3 FTl, the extra electron leads to the emergence of a small band gap between the two pairs of SOC-split j = 3/2 bands. This is an interesting electronic structure with relatively small band gap of 0.74 eV at the HSE level. The linear crossings at high-symmetry points in the valence p bands are observed, analogously to the Tl case.
Again, we expect the stabilization of the IHP structure when improving the tolerance factor by using a smaller B-site halogen. Therefore, we also compute the properties of (MA) 3 FPb in the perovskite structure, and the electronic structure is shown in Fig. 6 (b,c) .
The Fermi level is again located in between the j = 3/2 bands. However, in some regions of the BZ we observe a fractional occupation of both sets, i.e., (MA) 3 FPb is overall metallic
and not a small band-gap semiconductor such as (MA) 3 IPb.
Very similar behavior is also observed for (MA) 3 FSn (Fig. 6 (d) ), i.e., a metallic band structure, with interesting linear band crossings around the Fermi level. A metallic band structure is also found for (MA) 3 FGe, however, due to reduced SOC no noticeable splitting of the j = 3/2 bands is shown, i.e., the latter remain twofold degenerate (not shown).
Other monovalent anions
Similar strategies as above can also be explored to find other monovalent anions. Group XIV ions could form a −1 ions by forming a half-filled valence p shell. However, as before we observe that such a high-spin structure is unstable. Consequently, (MA) 3 GeTe forms similar zig-zag chains as found in (MA) 3 GeI and (MA) 3 GaI. Instead, we can try to fill the j = 1/2 bands by employing a group XIII element. In order to prevent B-site protonation, we know from the results above that we have to choose heavy elements. (MA) 3 SeTl has with t = 0.75 the most promising tolerance factor. However, this t is still quite small and below our threshold 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 for IHPs. Consequently, we do not observe a perovskite, but the formation of Se-Tl bonds in an A-B structure. The electronic structure ( Fig. 7 (a, b) ) reveals a filling of all Se p and one Tl p band, suggesting the correct oxidation states of 2-and 1-. Furthermore, the PBE band gap of 0.29 eV is expected to be perfectly suited for photovoltaic applications, since IHP gaps are underestimated by about 1.04 eV. Unfortunately, the unfavorable formation energy and the described structural changes indicate that other phases are more important for this composition. To improve t and to stabilize the IHP structure, compositions employing smaller chalcogenides (accompanied by B-site protonation) can be considered in the future.
Next, we try Bi as monovalent anion in order to fill the lower pair of j = 3/2 bands similar to (MA) 3 FPb. The estimated tolerance factor (t = 0.77) is close to our threshold value. In our structural search we find that the perovskite structure is favorable, albeit it is distorted and shows untilted MA units in a P ⊥ arrangement. The electronic structure (Fig. 7 (c, d) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 the formation of alkalides is not successful. This is not surprising, since the latter require specialized ligands such as cryptands to be stabilized. successfully; however, one crystal structure has been reported for each case, namely an orthorhombic structure in space group 57 for MAI (low-temperature δ phase), 45 a tetragonal structure in space group 129 for MABr (room-temperature α phase), 46 a similar tetragonal structure with the same symmetry but with a simpler stacking motif for MACl (α ), 47 and a trigonal structure in space group 160 for MAF 48 (this is a low-temperature structure (123 K), that we call β phase). Besides the δ phase found at low temperatures for MAI, MABr, and
MAa
MACl, there exists another low-temperature phase. This β phase has, however, not been characterized yet. Due to the size difference of fluoride and the other halides, it is possible that they have different β phases, i.e., a reliable model for the β phases of MAI, MABr, and
MACl is unknown at present. Nevertheless, our evaluation in Table 2 shows that all phases, except the MAF β phase for I and Br, are close in energy. This means that the potential energy surface of these compounds is rather flat, in line with many local minima due to different orientations of the organic molecules. Due to small energy differences, any phase should provide a useful reference for our purpose. The only case that differs is MAF. Due to the small fluoride ions, adjacent MA ions are too close in the δ phase, which is indicated by an observed tilting of these ions. Compared to that, both α phases are stabilized by about −0.16 eV. The thermodynamic minimum is the reported β phase. This phase clearly favors small anions, as shown by the increasing destabilization in the halide group.
The experimentally available structural information is compared with our calculated results in Table 3 . Our setup shows a systematic overbinding with slightly too small lattice 18 and Pb compounds prefer a trigonal phase (space group 164). This phase results from a reorientation of the MA molecules to a parallel arrangement (Fig. 8 (c, d) ). Ga, Tl, and Ge favor an arrangement of MA molecules that is in between the other two phases, resulting in a distorted low-symmetry phase (space group 2, Fig. 8 (e, f) ). Thus, only (MA) 2 O, where the 19 formation of water molecules is observed, favors a structure that is related to CaF 2 ( Fig. 8 (a,   b) ). The formation of water in (CH 3 NH 2 ) 2 H 2 O appears to stabilize this structure, whereas less electronegative anions tend to favor the trigonal phase.
Conclusion
We present an extensive materials search for a recently proposed novel materials class (IHP).
Searching for mono-and divalent ion compositions, we demonstrate the ability and limita- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 stability of some examples triggers experimental fabrication of IHPs in the near future.
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Band structure and DoS for (CH 3 NH
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